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Abstract

Functioning as a nanomotor, ATP synthase plays a vital role in the cellular energy metabolism. 

Interactions at the rotor and stator interface are critical to the energy transmission in ATP synthase. 

From mutational studies, we found that the γC87K mutation impairs energy coupling between 

proton translocation and nucleotide synthesis/hydrolysis. An additional glutamine mutation at 

γR242 (γR242Q) can restore efficient energy coupling to the γC87K mutant. Arrhenius plots and 

molecular dynamics simulations suggest that an extra hydrogen bond could form between the side 

chains of γC87K and βTPE381 in the γC87K mutant, thus impeding the free rotation of the rotor 

complex. In the enzyme with γC87K/γR242Q double mutations, the polar moiety of γR242Q 

side chain can form a hydrogen bond with γC87K, so that the amine group in the side chain of 

γC87K will not hydrogen-bond with βE381. As a conclusion, the intra-subunit interaction 

between positions γC87 and γR242 modulates the energy transmission in ATP synthase. This 

study should provide more information of residue interactions at the rotor and stator interface in 

order to further elucidate the energetic mechanism of ATP synthase.
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1. Introduction

F1Fo ATP synthase plays a critical role in the cellular energy metabolism. A functional ATP 

synthase in E. coli requires the proper assembly of eight types of subunits in a stoichiometry 

of ab2c10α3β3γδε (See Supplementary Material Fig. S1A and B for the quaternary structure 

of the holoenzyme and the terminology used throughout this article) [1]. Its unique rotary 

mechanism couples two distinct functions: proton translocation and ATP synthesis/

hydrolysis [2]. Considering that the binding locations of proton and nucleotide are 

approximately 100 Å apart [3], the central shaft γ subunit is essential to maintain the energy 

transmission in ATP synthase [4]. Protons flowing through two membrane half-channels in 

the a and c subunits push the rotor complex (c10γε) to spin. The torque rotating the γ 
subunit within the α3β3 cylinder alters the conformation of the nucleotide binding pockets in 

the β subunits to accomplish ATP synthesis [5]. Each of these three β subunits adopts a 

different conformation depending on the rotation angle of the γ subunit [6]. According to 

the nucleotide occupancy in the original crystal structure, those three β subunits are named 

as βTP (AMP-PNP bound), βdp (ADP bound) and βe (empty) [7].

Functional energy conversion and transmission in ATP synthase require proper interactions 

between β and γ. Uncoupling can occur when the energy flow is disrupted. ATP cannot be 

synthesized when the proton gradient is dissipated otherwise; or vice versa, a proton 

gradient cannot be formed by ATP hydrolysis [8]. The importance of several conserved 

residues located at the β and γ interface was discovered in mutational studies. For instance, 

E. coli ATP synthase with βE381K, γS12A or γM23K mutations is incapable to use carbon 

source efficiently in vivo [4,9,10]. Residue γC87 is largely conserved, or occasionally 

replaced by alanine, but neither bulky nor charged amino are found in this position. γR242 

in the C-terminus of the γ subunit is completely conserved (Supplementary Material Table 

S1). Previous studies have shown that E. coli ATP synthase with a γC87A mutation mirrors 

the WT behaviors in microbial growth yield, ATPase activity and ATP-driven proton 

pumping ability [4]. The cysteine at γC89 in spinach thylakoid ATP synthase (which is 

equivalent to γC87 in E. coli) is a target of H2O2 oxidation; the γC89A mutant can 

maintain high ATPase activity (85 % of the WT) [11]. E. coli ATP synthase with γR242C 

mutation is WT-like, and it can restore the energy coupling caused by the γM23K mutation 

[12]. With the γR242E mutation in ATP synthase, no F1 complex assembly on the 

membrane was found; a γM23K/γR242E double mutant cannot correct the energy 

uncoupling situation [9]. In the present study, we will investigate the interaction between 

γC87 and γR242 and its effect on modulation of energy transmission in ATP synthase.

Li et al. Page 2

Biochim Biophys Acta Bioenerg. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Materials and Methods

2.1 Strains

E. coli strain DH5α (New England BioLabs) was used for mutagenesis [13]. Strain DK8 

(glnV44, rfbC1, endA1, spoT1, hfrPO1, bglR, thi-1, relA1, Δ(atpB-atpC) ilv::Tn10, 
Tetracycline resistant) was engineered by removing the atp (unc) operon from the 

chromosome of E. coli strain 1100 to yield a background without intrinsic ATP synthase 

[14,15].

2.2 Construction of plasmids

The pSN6 plasmid (pBR322 derivative, atpB-atpC, Ampicillin resistant) was used as the 

wild type (WT) throughout this study [16]. Oligonucleotides (Integrated DNA Technology, 

listed in Supplementary Material Table S2) for site-directed mutagenesis were applied in the 

polymerase chain reaction (PCR) by following the recommended protocol (Q5® High 

Fidelity DNA Polymerase, New England BioLabs). Presence of the desired mutation was 

verified by DNA sequencing, followed by transformation into strain DK8.

2.3 Growth yield assay

A single colony of DK8 strain harboring WT or mutant ATP synthase was inoculated in 

lysogeny broth (LB) medium with 100 μg/mL ampicillin and grown to late exponential 

phase. A further 1:500 inoculation was made into medium containing 8 mM succinate, 

allowing it to grow aerobically until saturation at 30 °C or 37 °C [17]. Growth yield was 

evaluated from turbidity of the liquid culture by measuring its absorbance at 590 nm. Each 

mutant was assayed at least in triplicate.

2.4 Inverted membrane vesicle preparations and protein concentration assay

Cells were pelleted at late exponential phase from aerobic growth at 30 °C. Resuspended 

cells were lysed by passage through a homogenizer. Membranes were then washed and 

pelleted as described [18]. For each strain expressing WT or mutant ATP synthase, at least 

two membrane vesicle preparations were made. Protein concentrations were determined by 

the Bradford method with bovine serum albumin as standard [19].

2.5 Western Blot

The relative expression level of ATP synthase on membrane was determined by Western 

Blot with anti-β antibody (Agrisera, Vannas, Sweden) or anti-γ antibody (a kind gift from 

Drs. Toshiharu Suzuki and Masasuke Yoshida, Japan Science and Technology Agency, 

Tokyo) following standard protocols [20]. Band intensity was assessed by ImageJ software 

(National Institutes of Health). At least two biological replicate samples were quantified to 

minimize error.

2.6 Functional analysis of ATP synthase

ATPase activities were assayed in a cocktail buffer containing 50 mM Tris/H2SO4, 4 mM 

MgSO4, 10 mM ATP and 1 μM carbonyl cyanide m-chlorophenylhydrazone (CCCP), pH 

8.0, at 25 °C, 27 °C, 30 °C, 34 °C or 37 °C. To trigger the reaction, inverted membranes (10 
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μg/mL) were added into the cocktail buffer. To terminate the reaction, sodium dodecyl 

sulfate (SDS) was added to a final concentration of 5 % (w/v). Inorganic phosphate released 

from the reaction was quantified as described [21]. Each membrane sample was assayed at 

least in duplicate. To test the membrane proton pumping ability, 50 μg/mL of inverted 

membrane vesicles were suspended under vigorous stirring in 2.0 mL proton pumping buffer 

containing 10 mM HEPES, 300 mM KCl, 5 mM MgCl2, 1 μg/mL valinomycin and 1 μM 

acridine orange, pH 7.5, at 25 °C. Using an excitation wavelength of 460 nm, the acridine 

orange fluorescence intensity was measured at an emission wavelength of 530 nm. 1 mM 

ATP or 2 mM NADH was added to initiate proton pumping; 5 μM CCCP was added to 

dissipate the proton gradient [22]. Each sample was measured at least in duplicate.

2.7 Transition state thermodynamic parameters

The apparent enzyme activation energy for ATP hydrolysis by ATP synthase was obtained 

by measuring turnover number as a function of the temperature terms as given in the 

Arrhenius equation [23]. Turnover numbers were calculated by normalizing ATPase 

activities by the amount of membrane-bound ATP synthase determined by the Western Blot. 

Thermodynamic parameters can be resolved from the following equations:

[
∂lnkcat
∂(1/T) ]

p
= −

Ea
R

kcat = Ae
−

Ea
RT

Ea = ΔH‡ + RT

ΔS‡ = Rln
ANAh

RT − R

ΔG‡ = ΔH‡ − TΔS‡

In these equations, R, A, NA and h represent the ideal gas constant, Arrhenius constant, 

Avogadro’s number and Planck constant respectively. kcat is the turnover number; T, the 

absolute temperature, Ea, the Arrhenius activation energy, and G, H, S are Gibbs free energy, 

enthalpy and entropy terms [24].

2.8 Computational methods

Protein Data Bank (PDB) entry 3OAA (PDB ID: 3OAA) was adopted in silico as the parent 

protein model [25]. Chimera (University of California, San Francisco) software [26] was 
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used to visualize the molecular structure of ATP synthase. Computational study of 

electrostatics in ATP synthase was conducted in Python 2.7 with AESOP (Analysis of 

Electrostatic Similarities of Proteins) module [27,28]. Directed mutagenesis scan function 

was programed with its default parameters to calculate the Gibbs free energy of subunit 

association (ΔGa) in ATP synthase [29]. To introduce a mutation in the original structure, the 

rotamers function was used in Chimera, followed by energy minimizing to eliminate all 

clashes among residues using the default settings [30].

All-atom molecular dynamics (MD) simulations with explicit solvents were performed in 

GROMACS [31] with an AMBER99sb force field [32] for the WT, γC87K and γC87K/

γR242Q mutants. Each protein was solvated in a cubic box with the simple point charge 

(SPC) water model and kept at least 10.0 A from borders [33]. Na+ and Cl− ions were added 

into the system to neutralize charges in proteins at a concentration of 150 mM. The long-

range electrostatic interactions among ions and charges in proteins were solved with the 

Particle Mesh Eward (PME) method [34]. The solvated systems were optimized until the 

largest force component was less than 10 kJ/(mol·nm) and equilibrated with the constrained 

protein conformations at 300 K and 1 atm over 200 ps. Unconstrained NPT MD simulations 

were numerically integrated for 5 ns at a time step of 2 fs, where trajectory information was 

saved using a 10 ps interval. The velocity rescaling thermostat method [35] and Parrinello-

Rahman barostat method [36] were taken in equilibration steps and MD simulations.

3. Results

3.1 Mutation γC87K causes inefficient energy coupling in ATP synthase

Residue γC87 is highly conserved; occasionally, an alanine is found in this position 

(Supplementary Material Table S1). Alanine (small hydrophobic), aspartate, glutamate 

(acidic) and phenylalanine (bulky hydrophobic) substitutions were made in the mutational 

study. To evaluate the performance of the WT or mutant ATP synthase, growth yield in 

succinate medium, enzyme expression level, ATPase activity and ATP-driven proton 

pumping ability were measured. The γC87A/D/E mutants showed little adverse effect to the 

functions of ATP synthase, and they mirrored the WT in protein expression amount, ATPase 

activity and ATP-driven proton pumping ability. Strains carrying these mutations also 

maintained a substantial oxidative phosphorylation growth yield (> 80 % compared to the 

WT) in 8 mM succinate medium. The γC87F mutant showed weaker ATP-driven proton 

pumping ability, as measured by acridine orange quenching, and lower growth yield (74 % 

and 73 % compared to the WT, respectively); however, it was still well capable to use non-

fermentable carbon source efficiently.

Albeit γC87 is not absolutely essential, ATP synthase with γC87K mutation clearly 

presented a phenotype with poor utilization of succinate as the carbon source. Cells bearing 

such mutant enzyme hardly grew in succinate medium, resulting in a very low growth yield 

(< 20 % at 30 °C, <10 % at 37 °C) compared to the WT. Western Blot assay found that the 

amounts of ATP synthase assembled on the cell membrane were similar in the WT and the 

γC87 mutants (Table 1). In addition, the in vitro ATPase activity assay and ATP-driven 

proton pumping assay illustrated that the γC87K mutant was able to hydrolyze ATP with 

60 % of the velocity as the WT, but it could barely convert the chemical energy released 
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from ATP hydrolysis to establish a transmembrane proton gradient (< 10 % ATP-driven 

proton pumping ability compared to the WT). The NADH-driven proton pumping assay 

clarified that the poor proton gradient observed with ATP was not because of passive leakage 

from damaged membrane vesicles. NADH-driven proton pumping by the γC87K mutant 

gave acridine orange quenching signal of 75 % of WT; this slight reduction might be due to 

leakage through the uncoupled ATP synthase proton channel. All these observations 

indicated that the γC87K mutation impaired the energy coupling between ATP hydrolysis/

synthesis and proton translocation across membrane in E. coli ATP synthase (Table 1). The 

γC87K mutant does not abolish all functions, but it is able to support a small amount of 

oxidative phosphorylation in vivo. This result provides evidence that there should not be any 

severe structural or assembly defects in the holoenzyme since it still can utilize the 

transmembrane proton gradient (in contrast to the free F1 complex of ATP synthase, which is 

completely uncoupled).

3.2 Mutation γR242Q can suppress the energy uncoupling in the γC87K mutant

Residue γR242 is located in a conserved region in the C-terminus of γ subunit; it appears 

strictly conserved (Supplementary Material Table S1). From the crystal structure of E. coli 
ATP synthase (PDB ID: 3OAA) [25], the η-N atom of γR242 and the γ-S atom of γC87are 

within 5 Å, so that an electrostatic repulsion might be caused by the γC87K mutation. A 

random mutation at the γR242 position was engineered by site-directed mutagenesis into the 

γC87K mutant. DK8 cells harboring ATP synthase with double mutations were screened on 

20 mM succinate agar medium, resulting in colonies of different sizes. Plasmids were 

purified from the large colonies for DNA sequencing. This mutagenesis strategy successfully 

discovered a second site revertant: γR242Q (CAA). Compared to the γC87K mutant (17 % 

at 30 °C, 8 % at 37 °C of WT), cells with the double mutations showed better growth yield 

(85 % at 30 °C, 90 % at 37 °C) in succinate medium. Moreover, the ATP-driven proton 

pumping strength was restored to 52 % compared to the WT (Table 2 and Fig. 1B).

3.3 γR242A/C/S are weak suppressors of γC87K

To further explore the function of γR242, alanine, cysteine, glutamate, leucine and serine 

replacements were engineered into the WT and the γC87K mutant. The γR242A/C/L/S 

mutants alone showed nearly WT-like growth yield, enzyme expression amount and 

enzymatic performance (Table 2 and Fig. 1A). In contrast, the γR242E mutant showed 

lowered growth yield, especially under higher temperature (66 % at 30 °C, 30 % at 37 °C). 

A previous study indicated that the γR242E mutation would interfere with ATP synthase 

assembly in cell membrane when E. coli cells were grown at 37 °C [9]. In the present study, 

the membranes were prepared from cells that grown at 30 °C, and ATP synthase was found 

assembled in the cell membranes by Western Blot and ATPase activity and proton pumping 

assay. Higher temperature appears to destabilize ATP synthase assembly in the γR242E 

mutant.

Regarding to the restoration of energy coupling, a double mutant with γC87K and γR242A, 

C or S mutations could grow well in succinate medium at 30 °C (~ 70 % growth yield) but 

had worse performance at 37 °C (~ 30 % growth yield only). γC87K/γR242E or γC87K/

γR242L double mutants had low growth yield (~ 30 % at 30 °C, < 10 % at 37 °C), 
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indicating that neither glutamate nor leucine in this position could effectively correct the 

energy uncoupling issue. The proton pumping ability for each mutant showed the similar 

trends as the growth yield (Table 2 and Fig. 1B).

3.4 Mutations at γC87 and γR242 alter thermodynamic parameters of the transition state

In order to identify possible reasons for the inefficient energy coupling caused by the 

γC87K mutation, thermodynamic parameters were analyzed by Arrhenius plots 

(Supplementary Material Fig. S2A and B). The thermodynamic properties of γC87A/D/E/F 

mutations were very similar to those of WT; in sharp contrast, the γC87K enzyme showed 

an increased activation energy (WT + 19.4 kJ/mol). According to the transition state theory, 

this observation might indicate that extra interactions could occur between the γC87K and 

adjacent residues. Thus, more energy is required to overcome a higher activation energy 

barrier to reach the transition state in the γC87K mutant. If the raised activation energy 

could lead to the uncoupling phenotype of the γC87K mutation, a secondary suppressor 

mutation at γR242 should correct the altered thermodynamic parameters. As shown in Table 

3, all the γR242A/C/Q/S mutants could somehow compensate the augmented activation 

energy in the γC87K mutant and restore the energy coupling capability. The γR242E 

mutant also showed a lowered activation energy, but it cannot well restore the efficient 

energy coupling because this glutamate replacement itself is found harmful to the function 

of ATP synthase. The γC87K/γR242L double mutant showed an even higher activation 

energy (WT + 32.7 kJ/mol) than the γC87K mutant and it failed to reform the functional 

energy transmission.

3.5 γC87 and γR242 residue may affect the subunit association

A mutagenesis analysis in silico was performed with the AESOP module to assess the 

influences of those γC87 and γR242 mutations. A single mutation was computationally 

engineered into ATP synthase once at a time. Through electrostatic stability evaluation 

among all the subunits (α3β3γε in PDB ID: 3OAA), a result returned as the Gibbs free 

energy change of subunit association (ΔGa) for the parent structure (ΔGa of WT = −21.5 kJ/

mol) and each of the mutant (Fig. 2). The γC87K mutant presents a more negative ΔGa 

value compared to its parent structure (WT – 12.3 kJ/mol). The γC87K mutation contributes 

to an overall electrostatic network and might make the ATP synthase too rigid to undergo 

conformational change smoothly. On the other hand, γR242 mutations weaken the overall 

electrostatic interaction to recover the flexibility in ATP synthase in the γC87K double 

mutants. This is especially true to the γR242E mutation, where the calculated ΔGa is greater 

than zero (+ 10.1 kJ/mol), indicating that, based purely on electrostatic interactions, subunit 

association should not be favored. This result fits to the observations and it might explain the 

relative instability of the mutant enzyme [9]. This computational approach reinforced our 

hypothesis that the γC87K mutant would require higher energy to overcome the activation 

energy barrier and to achieve the transition state during nucleotide catalysis.

3.6 Molecular dynamics simulations reveal possible residue interactions

The MD simulation the trajectories of WT, γC87K and γC87K/γR242Q were visualized 

using Chimera. Fig. 3A, C and E show the residue conformation of the last frames from each 

MD simulation; distances among positions βTP381, γC87, γ238 and γ242 are shown in Fig. 
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3B, D and F. Judged by enthalpy and protein backbone root-mean-square deviation (RMSD), 

equilibrium was reached after 2 ns. Hence, the unconstrained structures during the last 3 ns 

were used for residue interaction analysis. In the WT (Fig. 3A and B), the ensemble-

averaged distance between γC87 (γ-S) and βTPE381 (the nearer ε-O) is 6.1 ± 0.5 Å. The 

side chains of γR242 and γE238 form a hydrogen bond. In γC87K (Fig. 3C and D), the 

hydrogen bond between γR242 and γE238 remains, and an additional hydrogen bond is 

formed between γC87K and βTPE381. The ensemble-averaged distance between γC87K (ζ-

N) and βTPE381 (the nearer ε-O) is 2.8 ± 0.1 Å. In the γC87K/γR242Q double mutant (Fig. 

3E and F), hydrogen bonds between γC87K and βTPE381 and between γR242 and γE238 

are no longer present; a new hydrogen bond is formed between γC87K and γR242Q. In this 

conformation, the ensemble-averaged distance between γC87K (ζ-N) and βTPE381 (the 

nearer ε-O) is 7.5 ± 0.4 Å. Compared with the inter-residue distances in the last 3 ns 

simulation (Fig. 3B, D and F), the distances in the WT show stronger fluctuations than those 

in the γC87K/γR242Q double mutant, and residues in the γC87K mutant are even less 

mobile than in the double mutant. This observation indicates that residues at this β/γ 
interface would be more rigid in γC87K than in the WT, and that the γC87K/γR242Q 

double mutations would allow a higher degree of flexibility to restore proper energy 

transmission.

4. Discussion

4.1 Energy transmission in ATP synthase

The long-term goal of this project is to illustrate the energy transmission mechanism in ATP 

synthase; our current target is the interface between the catalytic hexamer (α3β3) and the γ 
subunit. Two areas have been identified as responsible for the energy transmission: one is 

located between the N- and C-terminal helices of γ and the upper β catch loop; the other one 

is located between γ “neck” cluster and the β380DELSEED386 motif (the lower catch loop) 

[37]. Regarding the former area, previous studies have suggested that a network of hydrogen 

bonds and salt bridges is essential for communication between upper β catch loop and the 

coiled-coil helices of γ in E. coli ATP synthase, such as γS12 and βD372, γR268 and 

βD302/βD305 [10,38]. According to our recent study based on Geobacillus 
stearothermophilus ATP synthase, not individual amino acid side chain(s), but the overall 

coiled-coil shape of the N- and C-terminal helices of γ is the key feature to maintain 

functional energy transmission [39]. In the latter area, the βDELSEED motif has been 

widely studied for its importance in the energy relay and torque generation [40–43].

4.2 Which part of ATP synthase would interact with γC87K?

Although the residue at γ87 is highly conserved among many species, it tolerates a mutation 

with small, bulky nonpolar or negatively charged side chain. The γC87K mutant fails to 

maintain the proper energy transmission and thus perturbs the coupling between proton 

translocation and ATP synthesis/hydrolysis. Both the transition state thermodynamic 

analysis and subunit association calculations strongly suggest that extra electrostatic 

interactions could form upon the replacement of cysteine by lysine. The positive charge on 

lysine could form a salt bridge or hydrogen-bond with adjacent residues. The βDELSEED 

motif is rich of negative charges. The βDELSEED sequence is greatly conserved among 
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species (with only slight variations), but none of those five acidic residues is absolutely 

essential [20]. Many pieces of evidence support that the βDELSEED loop is involved in 

energy transmission through its conformational change upon nucleotide binding and release 

[43,44]. From the crystal structure of E. coli ATP synthase (PDB ID: 3OAA), γC87 (γ-S) is 

6.1 A away from βTPE381 (ε-O); this distance would be even shorter upon the lysine 

replacement. Previous studies have reported that disulfide bonds form quickly between 

γC87 and βE381C as well as γC87 and βD380C under oxidizing conditions. As the 

covalent bond blocks rotation, ATP synthase abolishes both ATPase and proton pumping 

abilities [45,46]. The MD simulations reinforced our hypothesis. As shown in Fig. 3C, the 

bulky side chain of γR242 (η-N) might bond with γE238 (ε-O1) (2.7 Å), prohibiting the 

ionic interaction between γC87K (ζ-N) with γE238 (ε-O1) (6.0 Å). An additional salt 

bridge or hydrogen bond formed between γC87K (ζ-N) and βTPDELSEED (2.9 Å to the ε-

O of βTPE381) could interfere with the normal rotation of ATP synthase.

4.3 How can a hydrogen bond between γC87K and βTPDELSEED disturb the energy 
coupling?

ATP synthesis and release rely on the sequential conformational alternation of three β 
subunits, which is driven by the torque from the rotor complex (c10γε) [47]. However, in E. 
coli ATP synthase, the rotation of γ and of the c-ring are not well matched. The γ subunit 

undergoes one revolution in three successive 120° steps, whereas the c-ring steps by ten 36° 

progressions [48]; consequently, protons pushing the c-ring produce a torque stored in the 

rotor complex due to its elasticity [49]. Coupled by this elastic torsion, the torque observed 

in the rotor complex changes little despite of its rotation angle [50]. Smooth torque 

transmission from the rotor to the catalytic hexamer enables high efficiency and optimal 

performance of ATP synthase [51].

When an extra hydrogen bond is formed between γC87K and βTPE381, it drags the spin of 

the γ “neck” area. On the one hand, back slipping might occur when the torque generated 

from proton translocation is insufficient to overcome the elevated activation energy 

necessary for catalysis [52]. On the other hand, given the spin of γ “neck” motif is retarded 

while protons keep pushing the c-ring, the elastic energy built up within the rotor complex 

would be larger than in absence of the extra hydrogen bond [53]. When the elastic tension 

accumulated finally becomes large enough to break the hydrogen bond, the energy is 

released abruptly, with γ at more advanced rotational angle than usual. Such “jumpy” 

rotation of γ with a later release point of β-γ interactions would impact the energy 

transmission from the rotor complex to the catalytic hexamer and the subsequent 

conformational alternation of the β subunits. Neither back slipping nor “jumpy” spin of γ 
gives smooth and effective conformational change in the β subunits; hence, less ATP will be 

synthesized per time. In addition, considering the enzyme is not absolutely elastic, energy 

from proton gradient is consumed during unnecessary conformational change in ATP 

synthase, so that the energy coupling rate (ATP synthesis per proton) may become lower. 

This hypothesis can also explain the absence of an effect when γC87 is replaced by a neutral 

or acidic amino acid.
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4.4 Efficient energy coupling in ATP synthase relies on a cluster consisting of γC87, 
γM23 and βTP/dpE381

Previous studies have documented that the γM23K/R [22] and βE381K/R mutations [9,54] 

impair energy coupling between proton translocation and ATP synthesis/hydrolysis. 

Comparison with the results on the γC87K mutation from the present study shows 

similarities between these uncoupling mutations. First, they all have a side chain with a 

positive charge; second, they are spatially close to each other with potential interactions; 

third, they are all located at the βDELSEED/γ-neck interface which is critical to maintain 

efficient energy coupling (Fig. 4). With other types of mutation such as γM23D/E/L [4], 

γC87A/D/E/F (this study) and βE381A/D/Q [9], the functions of the enzyme are not 

affected. We propose that a high density of positive charge in this area prevents proper 

energy transmission in ATP synthase.

4.5 Intra-subunit communication between γC87 and γR242

The γR242C mutation can suppress inefficient energy coupling caused by the γC87K (this 

study) or the γM23K mutation [12]. A previous study on the γM23K/γR242C double 

mutant proposed that the cysteine residue in the γR242C mutation would remove the ionic 

bond between γR242 and βE381 and would form a repulsive ion pair between the thiolate 

and βE381 [55]. In that way, γR242C would be able to compensate the uncoupling effect of 

γM23K. Can we adopt the same idea to explain the observations with the γC87K mutation? 

First, it has to be pointed out that, although the γC87K and γM23K mutations share 

similarities in the thermodynamic patterns of the transition state, γC87K more likely 

interacts with βTPE381 whereas the γM23K interacts with βdpE381 [9]. Viewed from the 

original crystal structure (PDB ID: 3OAA) shown in Fig. 4, the distance between γR242 (η-

N) and βTPE381 (ε-O) or βdpE381 (ε-O) residues is 8.2 Å and 14.8 Å respectively (βeE381 

is > 20 Å away and is inaccessible due to blockage by the helical portion of the γ subunit); 

thus, the diminished interaction between the γR242C mutant and βE381 may not 

significantly affect the enzyme rigidity during catalysis. Second, the pKa value of a cysteine 

side chain is 8.5 (in water), and it requires a basic local environment to deprotonate the thiol 

into thiolate. Finally, except for γR242C, the charge repulsion hypothesis cannot explain 

other mutations such as γR242A/S/Q. Instead, most of the γR242 mutations are more likely 

to destabilize the interaction with γE238. The electrostatic attraction between γR242 and 

βE381 is not essential to ATP synthase, since many βE381 mutants [9,54] and γR242 

mutants (this study) are WT-like.

How do the γR242 mutations interact with γC87K? If we accept the hypothesis that γC87K 

forms extra bonds with the βDELSEED motif resulting in energy transmission deficiency 

(Fig. 3C), in order to restore the functional energy flow, γR242 mutations should lead the 

γC87K away from the βDELSEED motif. At 30 °C, in the γR242A/C/S mutant, the less 

bulky side chain together with the removal of the positive charge seems to allow γC87K to 

bend back toward the interior of γ. The MD simulations (Fig. 3E) suggest that, although the 

side chain of γR242Q is not that small, its polar moiety can well hydrogen-bond to the 

lysine headgroup in γC87K (the distance between γC87K ζ-N to γR242Q ε-O is 2.8 Å). 

Furthermore, small or polar substitutions of γR242 could allow γC87K to form a salt bridge 

with γE238, thus stabilizing the lysine side chain (ζ-N) away from βTPE381 (ε-O) (8.0 Å). 
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At 37 °C, only γR242Q is able to correct the energy coupling issue satisfactorily. For side 

chains in position γR242 with weaker or no interactions with the lysine in position γ87 

(such as γR242A/C/S), the increasing molecular freedom would give γC87K more 

flexibility to interact with the βDELSEED motif instead of γE238. γR242L can recover the 

energy coupling neither at 37 °C nor at 30 °C because its bulky and nonpolar side chain 

blocks γC87K bonding with γE238. The γR242E mutant alone already results in poor ATP-

driven proton pumping ability and low growth yield; it is uncapable to correct the energy 

uncoupling issue in the ATP synthase with γC87K/γR242E double mutations either.

To summarize, γR242 has limited direct interaction with βTPE381 but the residue in this 

position modulates the orientation of γC87K and affects its interaction with γE238. This 

discovery supports the notion that the residue communications at the β/γ interface are of 

crucial importance for energy transmission in ATP synthase.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The γC87K mutation impairs energy transmission in E. coli ATP synthase.

• Extra hydrogen bond forms between γC87K and the βTPDELSEED loop.

• An additional γR242Q/S/C/A mutation can restore the energy transmission.

• The γR242E/L mutation cannot restore the energy transmission.

• The γR242Q is most effective to suppress the energy uncoupling.
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Fig. 1. 
Proton gradient formation ability of WT or mutant ATP synthase. The quenching of the 

fluorescence signal reflects the establishment of a proton gradient. ATP-driven proton 

pumping assay conditions were the same as described in the legend of Table 1. 1 mM ATP 

was added in the proton pumping buffer at Time = 40 s to initiate the proton translocation; 5 

μM CCCP was added at Time = 385 s. (A) Proton pumping ability of γR242 mutants. (B) 
Proton pumping ability of γC87K with additional γR242 mutants.
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Fig. 2. 
Gibbs free energies of subunit association. Mutations were introduced in silico based on the 

structure of PDB ID: 3OAA. The overall electrostatic stability was calculated through the 

directed mutagenesis scan function in the AESOP module. This method suggests a thermal 

fluctuation with kT ~ ± 2.5 kJ/mol [29]. The Gibbs free energy of subunit association for 

each mutant was normalized against the WT (− 21.5 kJ/mol). A negative value of free 

energy of association in this figure indicates that the electrostatic interaction becomes 

stronger in the mutant ATP synthase, and it turns the enzyme into a more rigid complex 

compared to the parent structure.
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Fig. 3. 
Interactions of γC87 with the βTPDELSEED loop. WT ATP synthase as well as γC87K and 

γC87K/γR242Q mutant structures were loaded into GROMACS for MD analysis. After 5 

ns simulation, the last frame of each structure was illustrated by Chimera. In the Figures A, 

C and E, βTP and γ subunits are colored yellow and cyan respectively, and atoms are 

distinguished by CPK color mode (carbon element in gray, nitrogen in blue and oxygen in 

red). The distances between a pair of atoms are shown in Å. Figures B, D and F show the 

distances between selected atoms versus the steps during MD simulations (10 ps per step). 
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(A) WT ATP synthase. The distance between βTPE381 (ε-O) and γC87 (γ-S) is 6.1 Å. (B) 
MD distances between atoms in WT. Red: γE238 (ε-O) and γR242 (η-N), Magenta: 

βTPE381 (ε-O) and γR242 (η-N), Blue: βTPE381 (ε-O) and γC87 (γ-S), Black: γC87 (γ-S) 

and γE238 (ε-O), Green: γC87 (γ-S) and γR242 (η-N). (C) γC87K ATP synthase. Due to 

electrostatic repulsion and spatial hindrance by γR242, the γC87K side chain folds toward 

βTPE381. This increased β/γ interaction may restrict ATP synthase from normal rotation. 

The distance between βTPE381 (ε-O) and γC87K (ζ-N) is 2.9 Å. (D) MD distances between 

atoms in the γC87K mutant. Red: γE238 (ε-O) and γR242 (η-N), Magenta: βTPE381 (ε-O) 

and γR242 (η-N), Blue: βTPE381 (ε-O) and γC87K (ζ-N), Black: γC87K (η-N) and γE238 

(ε-O), Green: γC87K (η-N) and γR242 (η-N). (E) γC87K/γR242Q ATP synthase. 

Weakened charge repulsion from γR242Q allows the γC87K side chain to bond with γE238 

and γR242Q itself. Moreover, the polar moiety of glutamine may further coordinate the 

γC87K side chain away from the βTPDELSEED motif. The diminished interaction between 

γC87K and βTPDELSEED rescues ATP synthase from inefficient energy coupling. In this 

model, the distance between βTPE381 (ε-O) and γC87K (ζ-N) is 8.0 Å. (F) MD distances 

between atoms in the γC87K/γR242Q mutant. Red: γE238 (ε-O) and γR242Q (ε-O), Blue: 

βTPE381 (ε-O) and γC87K (ζ-N), Black: γC87K (ζ-N) and γE238 (ε-O), Green: γC87K 

(ζ-N) and γR242Q (ε-O).
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Fig. 4. 
Spatial relationship of residues located at the β and γ-neck interface. The figure is based on 

the crystal structure of E. coli ATP synthase (PDB ID: 3OAA). βTP, βDP and γ subunits are 

colored yellow, orange and cyan respectively. The CPK color mode is applied to distinguish 

different elements (carbon in gray, nitrogen in blue and oxygen in red). Distances among 

selected atom pairs are shown in A. A residue labeled in blue shows that it has been reported 

(Refs. 9, 22, 54 or this study) to impair efficient energy coupling when replaced by lysine or 

arginine.
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